Endothelial nitric oxide (NO) synthase (eNOS) is regulated by heat shock protein 90 (HSP90), a heat-inducible protein; however, the effect of heat shock on eNOS expression and eNO release is unknown. Bovine aortic endothelial cells were incubated for 1 h at 37°C, 42°C, or 45°C and cell lysates were evaluated with the use of Western blotting. We observed a 2.1 Ϯ 0.1-fold increase in eNOS protein content, but no change in HSP90 content, HSP70 content, or HSP90/eNOS association, 24 h after heat shock at 42°C. We also observed a 7.7 Ϯ 1.5-fold increase in HSP70 protein content, but did not observe a change in eNOS or HSP90 24 h after heat shock at 45°C. eNOS activity and maximal bradykinin-stimulated NO release was significantly increased 24 h after heat shock at 42°C. Heat shock in rats (core temperature: 42°C, 15 min) resulted in a significant increase in aortic eNOS, HSP90, and HSP70 protein content. The aorta from heat-shocked rats exhibited a decreased maximal contractile response to phenylephrine, which was abolished by preincubation with N G -nitro-L-arginine. We conclude that prior heat shock is a physical stimulus of increased eNOS expression and is associated with an increase in eNOS activity, agonist-stimulated NO release, and a decreased vasoconstrictor response. endothelium; heat shock; rat; heat shock proteins ENDOTHELIAL NITRIC OXIDE (NO) synthase (eNOS) is the primary source of NO production in the cardiovascular system and is a key regulator of systemic blood pressure (11), blood vessel proliferation (24), and vascular lesion formation (16, 26) . eNOS is regulated by numerous mechanisms, including subcellular location, phosphorylation, and protein-protein interactions. Previously, we (10) and others (4, 7, 8) have demonstrated that eNOS is regulated by and binds directly to heat shock protein 90 (HSP90). Specifically, demonstrated that the activity of purified eNOS was increased as much as 2.5-fold in vitro when increasing amounts of HSP90 were added to the reaction. Although HSP90 is one of the most abundant cytosolic proteins, accounting for ϳ1% of all soluble protein (36), Brouet et al. (4) recently demonstrated that overexpression of HSP90 in human umbilical vein endothelial cells increases Akt-mediated phosphorylation of eNOS, an important regulatory mechanism. These studies suggest that increasing expression of HSP90 in the vascular endothelium would likely result in increased eNOS activity and, therefore, increased endothelial-derived NO release. Prior heat shock has been shown to result in increased expression of HSP90 in various mammalian cell lines (37). Although several studies (13, 29, 34) have examined the effects of heat shock on HSP90 expression in vascular endothelium, the results vary depending on the vascular bed, passage, and degree of heat shock (13). Therefore, in light of the effects of HSP90 on eNOS, it is important to determine changes in vascular HSP90 expression in response to a specific heat shock treatment.
abundant cytosolic proteins, accounting for ϳ1% of all soluble protein (36), Brouet et al. (4) recently demonstrated that overexpression of HSP90 in human umbilical vein endothelial cells increases Akt-mediated phosphorylation of eNOS, an important regulatory mechanism. These studies suggest that increasing expression of HSP90 in the vascular endothelium would likely result in increased eNOS activity and, therefore, increased endothelial-derived NO release. Prior heat shock has been shown to result in increased expression of HSP90 in various mammalian cell lines (37) . Although several studies (13, 29, 34) have examined the effects of heat shock on HSP90 expression in vascular endothelium, the results vary depending on the vascular bed, passage, and degree of heat shock (13) . Therefore, in light of the effects of HSP90 on eNOS, it is important to determine changes in vascular HSP90 expression in response to a specific heat shock treatment.
In addition to HSP90, it is well documented that HSP70 increases in response to heat shock in the cardiovascular system (3) . HSP70 rapidly accumulates after heat shock and can increase as much as eightfold in rat hearts after whole animal heat shock (32) . In fact, Amrani et al. (1) have suggested that the increase in rat hearts after whole animal heat shock occurs primarily in the vascular endothelium, which is associated with improved recovery of endothelial function from cardioplegic arrest. With the use of confocal microscopy, Leger et al. (18) indicated that the primary site of HSP70 induction after whole animal heat shock is in the blood vessels; however, these authors did not distinguish between vascular smooth muscle and the endothelium. Studies using transfection of HSP70 into endothelial cell cultures have demonstrated improved protection of the endothelium from hypoxia (18, 30) or H 2 O 2 (9, 18) . However, functional recovery of these cells or their ability to release NO was not determined.
Whereas numerous studies have examined changes in expression of the traditional HSPs like HSP90 and HSP70 after heat shock, no previous studies have examined the effects of prior heat shock on eNOS expression and function. However, it is interesting to note that eNOS expression can be increased under other stressful conditions. For instance, hypoxia, which induces HSP70 expression (2), can also increase eNOS expression by as much as 2.5-fold (12) . The increase in eNOS expression after hypoxia corresponds to increased NO release (12) and vascular reactivity (27) . In addition, shear stress has also been shown to increase eNOS expression (5) . Furthermore, endothelial eNOS expression has also been shown to increase in response to hydrogen peroxide by a different mechanism than shear stress (6) . Therefore, it is possible that other stressors like heat shock may also increase eNOS expression and result in changes in vascular reactivity. Therefore, we hypothesized that heat shock would result in increased endothelial HSP90, HSP70, and eNOS expression 24 h after heat shock in both cell cultures and whole animals. In addition, we hypothesized that prior heat shock would alter endothelialderived NO release and vasoreactivity.
METHODS
Cell culture. Bovine aortic endothelial cells (BAECs) were passaged from primary cultures and used for experiments during passages 2-6. Cultures were maintained in waterjacketed incubators at 37°C and 5% CO 2 and in medium 199 supplemented with 10% fetal bovine serum, 5% iron-supplemented calf serum, 20 g/ml L-glutamine, 1ϫ minimal essential medium, 0.6 g/ml thymidine, 500 IU/ml penicillin, and 500 g/ml streptomycin. For heat shock, cells were placed in water-jacketed incubators at 37°, 42°, or 45°C and 5% CO2 for 1 h and then returned to a water-jacketed incubator at 37°C and 5% CO2 for 24 h. Rat aortic smooth muscle cells were also passaged from primary cultures and used in experiments during passages 2-5. Cultures were maintained in DMEM containing 10% fetal bovine serum, 500 IU/ml penicillin, and 500 g/ml streptomycin.
Trypan blue. Trypan blue exclusion was used to determine the viability of the BAECs. BAECs were resuspended 24 h after heat shock and incubated with 0.4% trypan blue dye for 2 min. BAECs were observed with the use of a hemocytometer under a light microscope. Cells that were able to exclude the stain were considered viable and the percentage of nonblue cells over total cells was used as an index of viability.
Immunoprecipitation and immunoblotting. Immunoprecipitation and immunoblotting of BAECs were carried out as previously described (19) . Briefly, 24 h after heat shock, BAECs were washed twice with ice-cold phosphate-buffered saline containing 1 mM Na3VO4. Cells were then lysed in ice cold buffer containing 20 mM Tris ⅐ HCl, pH 7.4, 2.5 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 50 mM NaF, 10 mM Na4P2O7, 1 mM Na3VO4, and 1% phenylmethylsulfonyl fluoride. Cell lysates were centrifuged at 10,000 g for 20 min to remove insoluble material. For immunoprecipitation, samples were precleared by the addition of protein A/G agarose (sc-2003, Santa Cruz Biotechnology). Anti-eNOS (N30020, Transduction Laboratories) or anti-HSP90 (SPA-845, StressGen Biotechnologies) was then added to the supernatant and incubated overnight at 4°C. Protein A/G agarose (sc-2003, Santa Cruz Biotechnology) was then added, and samples were incubated for an additional 3 h at 4°C. The immunoprecipitated proteins bound to the agarose beads were washed twice, and proteins were eluted from the beads by boiling the samples in SDS sample buffer. Agarose beads were pelleted by centrifugation, and protein supernatants were used for immunoblotting as described below.
For immunoblotting, cell lysates or protein supernatants from immunoprecipitation were loaded and run on a 10% polyacrylamide gel and transferred to a nitrocellulose membrane, which was subsequently immunoblotted with either an anti-HSP90 (H38220, Transduction Laboratories), anti-HSP70 (SPA-810, StressGen Biotechnologies), or anti-eNOS antibody (N30020, Transduction Laboratories).
Immunoblotting of rat aorta was carried out as follows. Previously frozen aortas were thawed on ice and placed in RIPA buffer (1:15 wt/vol). The aortas were homogenized using a glass-glass homogenizer and were then centrifuged at 10,000 g for 10 min at 4°C. Protein concentrations were determined with the use of the Bio-Rad detergent-compatible protein assay. Volumes were adjusted to equalize the concentration of the samples. Fifty microliters of each sample were then loaded and run on a 10% polyacrylamide gel and transferred to a nitrocellulose membrane, which was subsequently immunoblotted with either anti-HSP90 or anti-HSP70 antibodies. For eNOS, 80 l of a 2Ј,5Ј-ADP Sepharose slurry were added to 1 ml of the cleared homogenate and incubated at 4°C for 2 h. The beads were then washed three times with ice-cold PBS. A SDS sample buffer (100 l) was then added to the beads, and the samples were boiled for 5 min to elute the proteins from the beads. The samples were centrifuged, and the supernatant was subjected to immunoblotting as described above with an anti-eNOS antibody.
Endothelial NO release. NO release from BAECs was measured 24 h after heat shock, as previously described (10) . Briefly, 24 h after heat shock, BAEC cultures were switched to serum-free medium overnight and then equilibrated in Locke's buffer composed of (in mM) 154.0 NaCl, 5.6 KCl, 2.0 CaCl 2, 1.0 MgCl2, 3.6 NaHCO3, 5.6 glucose, and 10.0 HEPES (pH 7.4), 0.3 isobutyl methylxanthine, and 20 U/ml superoxide dismutase. The cells were treated with 1 M bradykinin for 0, 1, 5, 10, 15, or 30 min before being transferred to the bathing medium to confluent rat aortic smooth muscle cells in six-well plates. After the transfer, the rat aortic smooth muscle cells were incubated for 3 min and then lysed in ice-cold sodium acetate (20 mM, pH 4.0). Lysates were frozen at Ϫ20°C until assayed for cGMP concentrations with the use of an enzyme-immunoassay kit (RPN226, Amersham Biosciences). cGMP concentrations in the lysates were quantified and reflect NO released by the endothelial cells.
eNOS activity. Cell lysates from control and heat-shocked BAECs were prepared as described for immunoblotting. eNOS activity in cell lysates was then determined by monitoring the rate of formation of L-
14 C]arginine under the conditions previously described (27, 35) .
Animals. Experiments were approved by the Institutional Committee for Animal Use in Research and Education and adhered to the American Physiological Society standards of humane animal experimentation. Male Sprague-Dawley rats (ϳ300 g) were anesthetized with pentobarbital sodium (40 mg/kg ip) and placed on a thermal blanket to raise core temperature (Tc) to 42°C. Tc was then maintained at 42.0 Ϯ 0.2°C for 15 min and then allowed to return to normal. Controls were also anesthetized and placed on a thermal blanket to maintain Tc at 37°C. Tc was monitored with a digital thermometer inserted 6 cm into the rectum.
Vascular reactivity. Twenty-four hours after heat shock, the thoracic aortas were removed from control and heatshocked animals and placed in physiological salt solution composed of (in mM) 130 NaCl, 4.7 KCl, 1.18 KH2PO4, 1.17 MgSO4 ⅐ 7H2O, 1.6 CaCl2, 14.9 NaHCO3, 5.5 dextrose, and 0.03 Na2EDTA. The vessels were cleaned of adherent fat and connective tissue and cut into four 4-mm rings. The remainder of the aorta was frozen in liquid nitrogen and used for immunoblotting. The rings were mounted on stainless steel holders in muscle baths for isometric force recording. Muscle baths were filled with physiological salt solution heated to 37°C and aerated with 95% O2-5% CO2. The rings were stretched to an optimal resting tension (3 g) and allowed to stabilize for 1 h. After equilibration, aortic rings were made to contract in response to the cumulative addition of phenylephrine (10 Ϫ9 -10 Ϫ5 M) in the presence or absence of 1 mM
The endothelium was left intact, and validation of its presence was assessed by relaxation in response to acetylcholine (1 M) subsequent to contraction with phenylephrine (1 M). All experiments were performed in the presence of 1 M indomethacin to block cyclooxygenase.
Statistics. Descriptive data (means Ϯ SD and SE) were calculated for each dependent variable. Overall differences between groups were analyzed with the use of two-way ANOVA with Student-Newman-Keuls post hoc analysis for determining differences between the means when more than two groups were compared. An independent t-test was used when only two groups were compared. In all tests, a probability level of P Ͻ 0.05 was used as the decision rule for significance testing.
RESULTS
Cell viability. Cell viability was determined as the percentage of nonblue cells versus total cells with the use of trypan blue exclusion 24 h after heat shock at 42°C and 45°C or no heat shock at 37°C. Cell viability was not statistically different (P Ͼ 0.05) 24 h after treatment at 42°C (93.7 Ϯ 1.0%) or 45°C (96.3 Ϯ 0.5%) compared with controls, 37°C (95.2 Ϯ 0.6%).
eNOS, HSP90, and HSP70 expression in BAECs. eNOS, HSP90, and HSP70 protein levels were determined in BAECs 24 h after heat shock at 42°C and 45°C using Western blot analysis. The results are shown in Fig. 1 and are expressed as a percentage of control (37°C). eNOS protein content was significantly (P Ͻ 0.05) increased by 2.1 Ϯ 0.1-fold in heat-stressed BAECs compared with controls. No significant difference (P Ͼ 0.05) in eNOS expression was observed in BAECs heat shocked for 1 h at 45°C (Fig. 1A) . HSP90 protein content was not significantly increased (P Ͼ 0.05) after heat shock at 42°C or 45°C (Fig. 1B) . HSP70 protein content was not significantly increased after heat shock at 42°C, but was significantly (P Ͻ 0.05) increased by 7.7 Ϯ 1.5-fold after heat shock at 45°C (Fig. 1C) .
eNOS and HSP90 complex formation. eNOS and HSP90 complex formation was determined in BAECs 24 h after heat shock at 42°C for 1 h by immunoprecipitation of HSP90 and subsequent immunoblotting of eNOS, and by immunoprecipitation of eNOS with subsequent immunoblotting of HSP90. The results, shown in Fig. 2, A and B , demonstrated that no change in eNOS-HSP90 complex formation was observed after heat shock of BAECs at 42°C.
NO release in BAECs after heat shock. Bradykininstimulated NO release was determined 24 h after heat shock of BAECs at 42°C and 45°C using a reporter cell assay for cGMP. The results are shown in Fig. 3 compared with controls (37°C). Heat shock at 42°C resulted in a significant (P Ͻ 0.05) increase in the maximal bradykinin-stimulated NO release 24 h later. Furthermore, heat shock at 42°C and 45°C resulted in a more prolonged increase in bradykinin-stimulated NO release at 10 and 15 min and returned to control levels by 30 min.
eNOS activity in BAECs after heat shock. eNOS activity in BAECs was determined 24 h after heat shock by measuring the rate of conversion of
14 C]arginine. Results are shown in Fig. 4 and are expressed as fmol L-citrulline ⅐ min Ϫ1 ⅐ mg Ϫ1 . A significant (P Ͻ 0.05) increase in eNOS activity was observed 24 h after heat shock of BAECs for 1 h at 42°C.
eNOS, HSP90
, and HSP70 expression in rat aorta. eNOS, HSP90, and HSP70 protein levels were determined in rat aortas 24 h after whole animal heat shock (T c ϭ 42.0 Ϯ 0.5°C, 15 min) using Western blot analysis. A significant (P Ͻ 0.05) increase in eNOS protein content in the aorta (40 Ϯ 9%) was observed (Fig. 5A ). In addition, HSP90 protein content was significantly (P Ͻ 0.05) increased 2.4 Ϯ 0.4-fold (Fig. 5B ) and HSP70 content was increased 3.8 Ϯ 0.5-fold (Fig. 5C) .
Vascular reactivity. Contractile responses to phenylephrine were determined in rat aortic rings 24 h after whole animal heat shock (T c ϭ 42.0 Ϯ 0.5°C, 15 min). Maximal vasoconstriction to phenylephrine (10 Ϫ5 M) in aortic rings from control and heat-shocked animals is shown in Fig. 6 and expressed as a percentage of the maximal force produced in controls. Heat shock resulted in an attenuation of the maximal phenylephrine-induced vasoconstriction compared with controls (P Ͻ 0.05). Preincubation of the aortic rings with 1 mM L-NNA abolished this difference.
DISCUSSION
Previously, several studies (4, 7, 8, 10) have demonstrated that HSP90, part of the heat-inducible class of proteins, directly interacts with and regulates eNOS. However, no studies have examined the effects of prior heat shock on HSP90 and eNOS expression in endothelial cells or the subsequent effects on endothelialderived NO release. In the present study, we report that mild heat shock (42°C, 1 h) results in increased eNOS expression in cultured BAECs, which is associated with an increase in eNOS activity and in the maximal bradykinin-stimulated NO release 24 h later. Furthermore, we demonstrate that 24 h after whole animal heat shock in rats (42°C, 15 min) there is an increase in HSP90, HSP70, and eNOS expression in the aorta that is associated with a decrease in maximal phenylephrine-induced vasoconstriction. This change in vasoconstriction is reversed by the eNOS inhibitor L-NNA. These data suggest that heat shock can have a significant effect on vascular homeostasis, resulting in increased eNOS expression and endothelial-derived NO release.
In the first series of experiments, heat shock at 42°C for 1 h in BAEC resulted in an increase in eNOS protein content 24 h later, but no change in HSP90 and HSP70 protein content. These results, however, failed to confirm our original hypothesis that heat shock would result in increased HSP90 and HSP70 content. Differential expression of heat shock proteins in the vascular endothelium has previously been reported and was found to be dependent on the vascular bed, passage, and degree of heat shock (13) . We also demonstrate that heat shock at a higher temperature (45°C, 1 h) does result in an increase in HSP70, indicating that the 42°C treatment is too mild to produce the classic heat shock response. Interestingly, eNOS can be induced by other stressors, such as hypoxia (12) , hydrogen peroxide (6), and shear stress (5). Drummond et al. (6) suggest that the change in eNOS expression after hydrogen peroxide treatment of endothelial cells may be the result of a change in redox status of the cell. Future studies should evaluate the possibility that the heat-induced change in eNOS expression may occur via the same mechanism. Previous studies (3) have also shown HSPs to be redox-sensitive proteins, and, taken together with the current study, these observations suggest that eNOS should also be considered a heat shock or stress protein. Despite the increase in eNOS protein content, no change in eNOS-HSP90 complex association was observed in BAECs after heat shock at 42°C. The lack of change in eNOS-HSP90 association is likely due to the abundance of HSP90 (36) and indicates that no further increase in HSP90 expression is necessary to maintain the regulatory interaction of HSP90 with eNOS. These data, taken together with the observation that neither HSP90 nor HSP70 levels changed in BAECs, indicate that changes in eNOS activity and endothelial-derived NO release after mild heat shock are due primarily to the changes in eNOS content. This observation was contrary to our original hypothesis that heat shock would result in an increase in HSP90 and HSP70 expression and alter endothelial NO release. Although more severe heat shock of BAECs (45°C for 1 h) did result in an increase in HSP70, this was not associated with a change in bradykinin-stimulated NO release at the time points measured. Therefore, it appears that the heat-induced changes in eNOS activity and NO release in this study were not dependent on either HSP90 or HSP70.
The increase in eNOS protein content was associated with a significant increase in the maximal bradykininstimulated NO release, whereas the increase in HSP70 after the more intense heat shock treatment was not associated with a significant increase in bradykininstimulated NO release. These results are similar to those obtained by Justice et al. (12) , in which hypoxiainduced increased eNOS expression resulted in increased A-23187-stimulated NO release from cultured endothelial cells. No change in the basal release of NO was observed after heat shock in serum-starved BAECs in the present study. However, under serum starvation, basal NO release is greatly reduced, and it is likely that heat-induced changes in basal NO release under serum starvation were too small to be detected by the technique employed. Under serum conditions, however, we did observe an increase in eNOS activity using the arginine-citrulline assay, which parallels the observed increase in eNOS content. Therefore, the heat-induced increase in eNOS protein content is associated with an increase in endothelial-derived NO release.
Whole animal heat shock in rats results in a 40 Ϯ 9% increase in eNOS content in aortic homogenates, thus confirming our findings in cell culture. Differences in the degree of eNOS content between the cell culture experiment and the rat experiments may be due to differences in the severity of the heat shock (42°C for 1 h vs. 42°C for 15 min) as well as possible modulation of the response in rats by humoral factors. Although mild heat shock of cultured endothelial cells that results in increased eNOS expression does not result in increased HSP70 and HSP90 content, heat shock in rats does increase HSP90 and HSP70 levels in rat aorta (Fig. 4, B and C) . This difference is likely because the aortic homogenates included both endothelial and smooth muscle cells. Heat shock (42°C, 1 h) of both rat and bovine aortic smooth muscle cells in culture results in significant increases in both HSP90 and HSP70 (M. B. Harris and R. C. Venema, unpublished observations). These data combined with the cell culture data also suggest that eNOS is a heat shock/stress protein.
In the present study, we also demonstrate that whole animal heat shock alters vasoreactivity 24 h later. We show that the maximal phenylephrine-induced vasoconstriction is attenuated by prior heat shock. Furthermore, we show that this decrease in vasoconstriction can be reversed with the NOS inhibitor L-NNA suggesting that the difference is due to increased NO production. Although no studies have examined changes in vasoreactivity 24 h after whole animal heat shock, a few studies (15, (20) (21) (22) (23) have examined changes in vascular reactivity during heat stress. In whole animal hyperthermia, an overall increase in the basal mean arterial pressure was observed as well as a blunted hemodynamic response to various vasoconstrictors (22, 23) . However, no change in norepinephrine-induced vasoconstriction and enhanced potassium chloride and calcium-induced vasoconstriction was observed in hyperthermic vascular rings (20) . In general, these studies suggest that there is an increase in vasoconstriction during hyperthermia or heat shock. The increase in eNOS expression and NO release 24 h after heat shock in the present study may therefore represent a compensatory response to the increase in vascular tone caused by heat shock.
In addition to studies examining changes in vascular reactivity during heat shock, one study by Kim et al. (14) has examined the effects of prior heat shock (42°C for 15 or 45 min) of isolated rat aortic rings on vascular reactivity. These authors reported an increase in contractility in response to potassium chloride 8 h after heat shock for 45 min. These results were observed regardless of the presence of endothelium, suggesting that eNOS does not play a part (14) . The difference between the study by Kim et al. and the present study may be explained by the shorter time course for recovery as well as the difference between heat shock of isolated vessels compared with whole animals. In addition, heat shock disrupts protein synthesis and is followed by the rapid and preferential synthesis of the traditional HSPs after heat shock (31) . It is possible, therefore, that increased eNOS expression and the subsequent increase in NO release were not manifested at 8 h after heat shock, but were evident at 24 h after heat shock.
In summary, the results of the present study indicate that moderate heat shock results in increased vascular eNOS expression, which is associated with increased eNOS activity and endothelial-derived NO release as well as NO-mediated attenuation of vasoconstriction in isolated vessels. Furthermore, we demonstrate that more severe heat shock of endothelial cells results in the classic heat shock response, i.e., increase HSP70 expression, without an increase in eNOS expression or NO release. The present study, therefore, provides a framework for future studies evaluating the degree of heat shock necessary for eNOS induction and the subsequent increase in NO release. Previous studies (3) have already shown that prior heat shock in both whole animals and isolated vessels provides protection against ischemia-reperfusion injury. Although most of these studies have focused on HSP70 expression, it is possible that increased eNOS expression may account for the improved recovery of endothelial function. Furthermore, studies (17, 28) have shown that exercise results in increased eNOS expression, which these authors suggest is likely due to mechanical or shear stress. However, it is possible that the increase in eNOS may also be due to increased T c that occurs during exercise. The results of this study also suggest that increased eNOS expression might play a role in the increased NOmediated hypotension that occurs during hyperthermia in humans under conditions such as septic shock (25, 33) . In conclusion, heat shock, like shear stress, is another physical stimulus of increased eNOS expression, which should be considered when evaluating situations where T c may be elevated.
